CD98 heavy chain (SLC3A2) facilitates lymphocyte clonal expansion that enables adaptive immunity; however, increased expression of CD98 is also a feature of both lymphomas and leukemias and represents a potential therapeutic target in these diseases. CD98 is transcriptionally regulated and ectopic expression of the membraneassociated RING-CH (MARCH) E3 ubiquitin ligases MARCH1 or MARCH8 leads to ubiquitylation and lysosomal degradation of CD98. Here, we examined the potential role of ubiquitylation in regulating CD98 expression and cell proliferation. We report that blocking ubiquitylation by use of a catalytically inactive MARCH or by creating a ubiquitylation-resistant CD98 mutant, prevents MARCH-induced CD98 downregulation in HeLa cells. March1-null T cells display increased CD98 expression. Similarly, T cells expressing ubiquitylation-resistant CD98 manifest increased proliferation in vitro and clonal expansion in vivo. Thus, ubiquitylation and the resulting downregulation of CD98 can limit cell proliferation and clonal expansion.
INTRODUCTION
In vertebrates, adaptive immunity provides for protection against a remarkably diverse collection of pathogens. During an adaptive immune response, a few lymphocytes with a particular antigenic specificity can rapidly proliferate upon exposure to cognate antigen, resulting in a large population of effector cells that can eliminate pathogens bearing the antigen (Boehm, 2011) . Termed clonal expansion, this explosive proliferation of few antigen-specific cells from a large and diverse repertoire is crucial to preserving the specificity and diversity of lymphocytes and also enables the memory arm of adaptive immunity upon re-exposure (Sprent and Surh, 2002) . Although of great benefit to vertebrates, clonal expansion can also be co-opted by cancer cells. Following a similar paradigm, clonal expansion allows a few cancer-initiating cells to rapidly proliferate resulting in tumorigenesis (Cantor and Ginsberg, 2012) . CD98 heavy chain (SLC3A2), which is a lymphocyte activation antigen (Haynes et al., 1981) , enables clonal expansion of normal and malignant cell types including lymphocytes (Cantor et al., 2009 (Cantor et al., , 2011 , vascular smooth muscle cells (Fogelstrand et al., 2009) , squamous cell carcinomas (Estrach et al., 2014) and teratomas (Feral et al., 2005) by amplifying integrin signaling and supporting amino acid transport as a heterodimer with a light chain such as SLC7A5.
High expression of CD98 in lymphomas and acute myeloid leukemia (AML) correlates with negative outcomes (Holte et al., 1987 (Holte et al., , 1989 Nikolova et al., 1998; Salter et al., 1989) . Thus, CD98 expression levels could determine adaptive immune responses or the progression of malignancies. Rapid CD98 upregulation is under transcriptional control (Gottesdiener et al., 1988; Karpinski et al., 1989; Lindsten et al., 1988) . Ectopic expression of membraneassociated RING-CH (MARCH) ubiquitin ligases can reduce surface CD98 protein (Eyster et al., 2011) by marking it for lysosomal degradation. We hypothesized that CD98 ubiquitylation regulates its expression to limit cell proliferation and clonal expansion. Here, we report that CD98 expression is regulated by ubiquitylation. Furthermore, we find that T cells expressing ubiquitylation-resistant CD98 display increased antigen-driven proliferation and clonal expansion. Thus, ubiquitylation and the resulting downregulation of CD98 provides a new mechanism to limit cell proliferation and clonal expansion.
RESULTS AND DISCUSSION Ubiquitylation of CD98 controls its expression in model systems
To assess whether the ubiquitin ligase activity of MARCH1 is required to regulate CD98 surface expression, we used catalytically inactive mutants in the RING domain (Baravalle et al., 2011) . Expression of MARCH1 reduced surface CD98 threefold in HeLa cells, whereas expression of a catalytically inactive mutant [MARCH1 (I82A, W114A)] had no effect when expressed at similar levels ( Fig. 1A-C) . The MARCH8 ubiquitylation function was also required to reduce CD98 (data not shown, but see Fig. 1F ). MARCH proteins typically modify cytoplasmic Lys residues (Bartee et al., 2004; Fujita et al., 2013; Oh et al., 2013) . There are eight cytoplasmic Lys residues within the CD98 tail (Fig. 1D) . Mutation of these Lys residues to Arg [CD98 (8×KR)], resulted in CD98 that was not downregulated by MARCH8 (Fig. 1E) . Mutation of either the seven most membrane-distal [CD98 (7×KR)] or the most membrane-proximal Lys residues [CD98 (K64R)], did not prevent downregulation by MARCH8 (Fig. 1E) . Therefore, mutation of multiple Lys residues, including Lys 64 , is required to render CD98 resistant to MARCH-mediated downregulation (Fig. 1E) . Furthermore, expression of MARCH8 increased CD98 ubiquitylation, whereas mutant MARCH8 [MARCH8 (I82A, W114A)] had no effect (Fig. 1F) . Western blotting of the CD98 heavy chain revealed a low-molecular-mass (∼60 kDa) band and a higher molecular mass component (70-80 kDa); expression of the low molecular mass component was not affected by ectopic MARCH8 expression. This MARCH8-resistant component is likely to correspond with unglycosylated intracellular CD98 (Bartee et al., 2004; Eyster et al., 2011) . In contrast to wild-type CD98, the higher molecular mass component of CD98 (8×KR) was resistant to MARCH8-mediated ubiquitylation (Fig. 1F) . Preventing ubiquitylation and downregulation of other MARCH substrates, such as major histocompatibility complex (MHC) class II molecules, CD86, and CD71 (also known as TFRC) also requires mutation of all membrane proximal cytoplasmic Lys residues (Baravalle et al., 2011; Fujita et al., 2013; Oh et al., 2013) . Taken together, these results indicate that MARCH proteins, which are tethered to the membrane, ubiquitylate Lys residues in their vicinity in a relatively non-selective manner. The data reported here define a CD98 mutant that is resistant to MARCH-mediated ubiquitylation and downregulation, and can therefore be used as a tool to probe the role of this modification in clonal expansion.
Because CD98 is essential for lymphocyte clonal expansion (Cantor et al., 2009 (Cantor et al., , 2011 Gottesdiener et al., 1988) , we used T cells to test the biological relevance of CD98 ubiquitylation in the physiological regulation of CD98 expression and cell proliferation. Immunoprecipitation of CD98 from Jurkat T cells followed by immunoblotting for ubiquitin demonstrated that endogenous T-cell CD98 could be ubiquitylated ( Fig. 2A) . To examine the role of CD98 ubiquitylation in primary T cells, we introduced CD98 (8×KR) into naive CD8 + T cells using retrogenic bone marrow reconstitution (Cantor et al., 2011) . Human CD98 or CD98 (8×KR), was introduced into OT-1, Cd4
Cre , Slc3a2 f/f murine bone marrow cells using retroviral transduction. Transduced cells were marked by surface expression of human CD98 and Thy1.1 expressed from the retroviral vector. By virtue of the Cd4 CRE , Slc3a2 f/f background, T cells will delete the endogenous mouse Slc3a2 during thymic development, leaving only the retrovirally introduced human CD98 or CD98 (8×KR) (Fig. 2B) . At 8 weeks post transplant, human CD98 + , Thy1.1 + , CD8 + T cells were readily detectable in the peripheral blood (Fig. 2C ) and were null for mouse CD98 (Fig. 2D) . A pronounced increase in expression of CD98 (8×KR) compared to wild-type CD98 was observed in splenic OT-1 cells following activation with anti-CD3 and anti-CD28 monoclonal antibodies OT-1 T cells were stimulated with plate bound anti-CD3 and anti-CD28 mAbs for 48 h. The geometric mean fluorescence intensity (MFI) of CD98 from stimulated and unstimulated cells was assayed by flow cytometry and converted into CD98 expression level defined as the percentage compared with stimulated wild-type control. The mean±s.e.m. CD98 expression is depicted (n=3 mice per group). *P<0.05; NS, not significant ( paired t-test). (F) T cells were purified from splenocytes of naive March1-null, OT-1 mice and March1 wild-type, OT-1 mice (n=3 mice per group) and cultured with irradiated APCs, IL-2 and antigen (1000 nM SIINFEKL peptide) for 48 h. The MFI of CD98 from stimulated and unstimulated CD8+ cells was assayed by flow cytometry. CD98 expression was calculated as in E and is depicted as mean±s.e.m. *P<0.05 ( paired t-test).
(mAbs) in vitro (Fig. 2E) . March1 is known to be expressed at low levels in resting splenic T cells (Matsuki et al., 2007) , and an increase in CD98 surface expression was observed upon activation of March1-null T cells compared to wild-type littermate control T cells (Fig. 2F) . Therefore, ubiquitylation of CD98 by MARCH1 limits its surface expression in activated CD8 T cells.
T-cell clonal expansion is limited by ubiquitylation-mediated downregulation of CD98
To directly test whether CD98 ubiquitylation controls clonal expansion of T cells in vivo, naive mouse CD98 null, CD8 + T cells expressing either human CD98 or human CD98 (8×KR) were adoptively transferred into congenic recipient mice. Recipients were subsequently immunized with antigen under conditions that provide modest stimulation (Beacock-Sharp et al., 2003; Hommel and Kyewski, 2003; Li et al., 2006; Oh et al., 2015; Parish et al., 2001; Teague et al., 2004) and permit sequential assay of the fraction of circulating donor-derived T cells in an individual mouse over time. Clonal expansion was monitored by assaying blood at 0, 5, 15 or 36 days after antigen stimulation (Fig. 3A) . Upon antigen challenge, CD98 (8×KR)-bearing T cells appeared earlier and in greater numbers compared to cells bearing wild-type human CD98 (Fig. 3B) . Thus, ubiquitylation of CD98 limits clonal expansion of T cells in vivo. To confirm the effect of blocking CD98 ubiquitylation on T-cell proliferation in a more precisely controlled setting, mouse CD98-null, OT-1 T cells bearing either human CD98 (8×KR) or human CD98 were purified, labeled with the division dye CFSE and mixed with irradiated mouse splenocytes [used as antigen-presenting cells (APCs)] and SIINFEKL peptide antigen; proliferation was measured by CFSE dilution. At all doses of cognate peptide tested, more CD98 (8×KR)-bearing T cells divided compared to control cells (Fig. 3C) . The rate of proliferation of CD98 (8×KR) cells was also increased compared to CD98 wild-type control cells at higher doses of cognate peptide (Fig. 3D) . These data show that ubiquitylation of CD98 regulates T-cell proliferation in vivo and in vitro.
Our findings that CD98 ubiquitylation can modulate its expression on primary cells and limit clonal expansion provides a new mechanism for regulation of CD98 and show how this particular post-translational modification can control cell proliferation. CD98 levels can be transcriptionally controlled ( Gottesdiener et al., 1988; Karpinski et al., 1989; Lindsten et al., 1988) and our data indicate post-translational mechanisms also contribute to CD98 regulation. Together, CD98 regulatory pathways can govern adhesive signaling (Cantor et al., 2011; Feral et al., 2005) and light-chain amino acid transporters such as SLC7A5 (Sinclair et al., 2013; Verrey et al., 2004) to support proliferation (Cantor et al., 2009 (Cantor et al., , 2011 Sinclair et al., 2013) . The increase in expression of the CD98 8×KR mutant can therefore enable increased cellular transport of amino acids or integrin signaling; however, it is unlikely to alter those functions on a per molecule basis. Specifically, the 8×KR mutations do not affect the extracellular Cys residue that couples CD98 to the amino acid transporters or the transmembrane and membrane proximal cytoplasmic domain residues that support integrin signaling (Henderson et al., 2004) . Genetic ablation of CD98 protects from autoimmunity and several cancers (Cantor and Ginsberg, 2012) and blocking CD98 can inhibit leukemias and lymphomas (Hayes et al., 2015) . Thus, our finding that ubiquitylation regulates CD98 expression and clonal expansion pinpoints a new locus for intervention in either autoimmunity or hematologic malignancies.
MATERIALS AND METHODS

Reagents
Phusion polymerase (Thermo), the In-Fusion cloning system (Clontech) and FuGENE-HD (Clontech) were used according to manufacturer's directions. Fluorophore-conjugated antibodies were purchased as follows: anti-human CD98 (clone UM7F8, BD Biosciences), anti-mouse CD98 (clone RL388, Biolegend), anti-mouse CD8a (clone 53-6.7, Biolegend), anti-mouse CD45.2 (clone A20, Biolegend) and anti-Thy1.1 (clone OX-7, Biolegend). Unconjugated antibodies were purchased as follows: anti-mouse CD98 (clone RL388, Biolegend), anti-HA (clone 16B12, Biolegend), anti-EGFP rabbit polyclonal (Clontech), anti-ubiquitin (P4D1, Santa Cruz Biotechnology), anti-human CD98 (C-20, Santa Cruz Biotechnology), anti-CD3 and anti-CD28 (Bio X Cell). The mouse untouched T-cell kit was from Thermo. Ly5.1 + (CD45.1) congenic mice were purchased from the Jackson Laboratory (Bar Harbor, ME). March1-null mice (Matsuki et al., 2007) were provided by Satoshi Ishido (Laboratory of Integrative Infection Immunity, Showa Pharmaceutical University, Machida, Tokyo, Japan) and bred to the OT-1 background. All mice were housed at the University of California San Diego animal facility, and all experiments were approved by the Institutional Animal Care and Use Committee.
Plasmids and DNA manipulations pEGFP-N1 was purchased from Clontech, pcDNA3.1ZEO was purchased from Thermo, pBKS-MARCH8 was purchased from Open Biosystems (Thermo) and MSCV-IRES-Thy1.1 DEST was a gift from Anjana Rao (Department of Pharmacology, University of California, San Diego, La Jolla, CA). All sub-cloned vectors and point mutations were generated using PCR amplification and In-Fusion cloning according to manufacturer's directions. pEGFP-N1-MARCH1 was generated by PCR amplification of human MARCH1 from HeLa cell cDNA using specific primers. pEGFP-N1-MARCH1 (I82A, W114A) and pEGFP-N1-MARCH8 (I82A, W114A) mutants were generated by site-directed mutagenesis. To generate pcDNA3.1-mouse CD98 (8×KR), the 5′ residues of mouse CD98 encoding the cytoplasmic domain was synthesized as two overlapping ultramers (IDT, Coralville, IA) with all eight Lys residues mutated to Arg (8×KR) that were then fused by PCR. The cDNA encoding the transmembrane and ectodomains of mouse CD98 were amplified as a separate fragment and cloned together with the 8×KR fragment into pcDNA3.1ZEO. pcDNA3.1-mouse CD98 (7×KR) was generated by sitedirected mutagenesis of R64K from mouse CD98_8×KR and mouse CD98 (K64R) was generated from wild-type CD98 by site-directed mutagenesis. The retroviral expression vector for human CD98 (8×KR) was generated using overlapping ultramers (IDT) with all 8 Lys to Arg mutations as described above, and was cloned into MSCV-IRES-Thy1.1 DEST. All expression vectors were verified by direct sequencing.
Cells
HeLa CCL-2 cells were purchased from ATCC (Manassas, VA) and maintained as described previously (Bartee et al., 2004) . Primary mouse T cells were maintained as described previously (Cantor et al., 2011) . Flow cytometry and immunoblotting were performed as described previously (Cantor et al., 2011; Eyster et al., 2011) .
Proliferation assays
For in vivo T-cell clonal expansion, mouse CD98-null, human CD98 + (wildtype or 8×KR) T cells were purified from spleens of OT-1, Slc3a2 f/f , Cd4
Cre retrogenic mice by magnetic depletion using the mouse untouched T-cell kit with anti-mouse CD98 antibody, clone RL388, to remove any remaining mouse CD98 + cells. Purified T cells (10 6 ) were injected into Ly5.1 + (CD45.1) congenic recipients. After 1 day, recipient mice containing 'parked' CD45.2 + OT-1 T cells were immunized intraperitoneally with 75 μg SIINFEKL peptide in complete Freund's adjuvant (CFA). At 5, 15 and 36 days after immunization, blood samples were collected, treated with RBC lysis buffer, stained with antibodies specific for mouse CD8 and CD45.2, and analyzed by flow cytometry for CD45.2 + as a fraction of total CD8 + cells. For in vitro antigen-dependent proliferation assays, mouse CD98-null, human CD98 + (wild-type or 8×KR) T cells (1×10 5 ) were purified as described above, labeled in 5 µM CFSE, and mixed with 5×10 5 irradiated (3500 rad) wild-type C57/BL6 splenocytes as APCs, 10 U/ml recombinant IL2 and SIINFEKL peptide. After 72 h of culture, cells were stained with antibodies against CD8 and mouse CD98 and assayed by flow cytometry. Proliferation was determined by CFSE dye dilution of cells in the CD8 + and mouse CD98 − gate using the proliferation module of FlowJo ® software (Treestar). For antigen-independent stimulation of T cells, human CD98 + or CD98 (8×KR) + cells were purified as above, and stimulated with plate bound anti-CD3 and anti-CD28 as described previously (Cantor et al., 2011) . After 72 h cells were stained for human CD98, mouse CD98, and mouse CD8 and analyzed by flow cytometry for the surface level of human CD98 in the CD8 + and mouse CD98 − gate using FlowJo ® software (Treestar).
